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Abstract
A 3D finite element model has been developed for predicting manufacturing distortions of fibre-reinforced thermoset-
ting composite parts. The total curing process is divided into three steps that correspond to the states that resin passes
through during curing: viscous, rubbery, and glassy. Tool–part interaction properties were calibrated by modelling the
distortion of a single ply part. For comparison, composite parts of various geometries (L-section and U-section), stacking
sequences, thicknesses, and bagging conditions were manufactured. The full field thickness profile and full field distortion
pattern were obtained using a 3D laser scanner, which reveals higher and lower resin bleeding and corner thickening
locations. The effect of stacking sequence is also examined with the full field distortion pattern. It was found that the
parts manufactured under the bleeding condition give higher spring-in and warpage values. The spring-in predictions
were well matched to measurements of the manufactured parts.
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Introduction
Manufacturing shape distortions in fibre-reinforced
composite materials still remain important, because
no method has been developed to entirely eliminate
these distortions. To overcome this problem, analytical
and numerical methods have been proposed to predict
an optimum mould geometry that results in minimal
problems during the assembly stage. Different mechan-
isms such as material anisotropy, cure shrinkage, tool–
part interaction, and resin flow have an effect on
residual stresses and distortions. Some of these mech-
anisms occur from the beginning to the end of the man-
ufacturing process, while others occur only at certain
stages.1 Due to this complexity, early studies developed
sophisticated process models using laminated plate
theory (LPT) to simulate the curing process of continu-
ous fibre-reinforced composite materials.2–6 Loos and
Springer6 developed a process model for curing of flat-
plate composites. The integrated sub-model approach
was introduced to divide this complex problem into
simple sub-models. White and Hahn2,3 and Bogetti
and Gillespie4,5 also used the integrated sub-model
approach to predict the process-induced stress and
deformations. Bogetti and Gillespie5 developed a one-
dimensional cure simulation analysis coupled to a LPT
analysis of thick composites, including temperature
gradients through thickness, spatially varying cure-
dependent mechanical properties, thermal expansion,
and chemical shrinkage strains. White and Hahn2,3
developed a process model which predicts a residual
stress history during curing of composite materials by
including the effects of chemical and thermal strains.
They combined the cure kinetics and viscoelastic
stress analysis to calculate residual moment and in
turn find the curvatures simultaneously. Arafath
et al.7,8 developed a closed-form solution based on
theory of elasticity for process-induced stresses and
deformations in flat and curved composite structures.
LPT-based models were restricted to use simplified
mechanical boundary conditions, precluding
1Mechanical Engineering Department, Namık Kemal University, Turkey
2Mechanical Engineering Department, Bogazici University, Turkey
Corresponding author:
Kenan C¸ınar, Mechanical Engineering Department, Namık Kemal
University, C¸orlu, Tekirdag, Turkey.
Email: kcinar@nku.edu.tr
application to relatively complex-shaped parts.
Johnston et al.9 developed a 2D plane strain finite elem-
ent (FE) model which employs a cure hardening,
instantaneous linear elastic (CHILE) constitutive
model to predict process-induced stress and distortions
of composite laminates. The model examined the effect
of thermal expansion, cure shrinkage, temperature gra-
dients, degree of cure, resin flow, and mechanical con-
straints on the deformation of the laminates using an
integrated sub-model approach. In their study,
Svanberg and coworkers10–12 developed a simplified
mechanical constitutive model to predict the shape dis-
tortions. They assumed that the mechanical behaviour
of the material is constant within the rubbery and
glassy states, and there is a step change in the properties
at the glass transition temperature. The rubbery prop-
erties they used were simply assumed to be about two
orders of magnitude smaller than those in the glassy
state. The main drawbacks of their numerical analysis
were that there was no experimental data about the
rubbery properties and that the tool–part interaction
was oversimplified. A comparison between experimen-
tal and predicted shape deformations indicated that
after the second cure step, the predicted spring-in
agreed well with the experimental values, but after the
third cure step, the prediction was poor. Their predic-
tions overestimated the spring-in angle after the third
cure step. Ersoy et al.13 developed a 2D two-step FE
model including anisotropy in the thermal expansion
coefficient and cure shrinkage to predict the process-
induced stress and deformation. The two-step model
represented the rubbery and glassy states of the resin.
In each step, constant material properties were used.
Gelation and vitrification were considered to be the
two main transitions during the curing process. The
change of resin properties in the rubbery state was pre-
dicted by using group interaction modelling (GIM),
and the mechanical properties of the composite
were predicted through the two different micromecha-
nics methods, namely, self-consistent field micromecha-
nics (SCFM) and finite element-based micromechanics
(FEBM). The properties of the composite in the glassy
state were determined both experimentally and numer-
ically. Spring-in values predicted by the two-step finite
element analysis (FEA) were very close to the measure-
ments for both unidirectional and cross-ply C-shaped
composite parts. C¸ınar et al.14 extended the FE proced-
ure developed by Ersoy et al.13 to include tool–part
interaction in order to predict the manufacturing dis-
tortions of corner sections. The effect of various mater-
ial and geometric variables on the deformation of L-
section parts was investigated by a Parameter
Sensitivity Analysis.14 C¸ınar and Ersoy15 also per-
formed a 2D FEA of composite parts using a four-
step model to investigate the effect of fibre wrinkling
on the spring-in. In the first step, fibre conformation to
tool surface was integrated in the model. It was
observed that the parts that have more fibre wrinkling
have lower spring-in values.
Some 3D process models have also been developed
to predict the shape distortions.16–19 Zhu et al.16 devel-
oped a three dimensional coupled thermo-chemo-vis-
coelastic model to simulate the heat transfer, curing,
residual stresses, and deformation of thin flat and
L-shaped composite laminates. It was found that
thermo-chemo-viscoelastic model gave much larger
spring-forward values as compared to the elastic or
viscoelastic models that only accounts for the cool-
down process. Bogetti and Gillespie’s5 integrated sub-
model approach was used in the study of Tavakol
et al.18 A 3D coupled thermo-mechanical FE model
included cure kinetics, cure shrinkage, thermal strains,
tool–part interaction, and the development of mechan-
ical properties during curing. A square flat laminate
was manufactured to validate the simulations. The pre-
dictions and experimental results for the maximum dis-
tortion and deformation pattern were in good
agreement. A tooling geometry optimization was done
by Wucher et al.19 for compensation of cure-induced
deformations. A doubly curved C-spar geometry was
optimized to minimize process-induced deformations
by a control points method; the residual distance
between the current position of the control points and
their nominal position is measured after a best-fit align-
ment. However, the approach was not validated
experimentally.
Some other approaches were also used for predicting
process-induced stresses and deformations.20,21 Dong20
introduced a piece-wise approach for calculating the
shape changes of curved composite parts by dividing
the curved structure into a number of pieces and calcu-
lating deformations using effective coefficient of
thermal expansions (CTEs). The approach was vali-
dated by FEA, and satisfactory results were obtained.
Kappel et al.21 used a semi-numerical methodology to
predict cure-induced distortions with a combination of
experimental, analytical, and numerical procedures.
Experimentally determined spring-in values of
L-shaped parts were implemented in an FE model for
calculating deformations of more complex parts. By
this method, the deformation pattern of a box-shaped
structure was predicted.
Generally two methods have been used to include
the tool–part interaction phenomenon in the processing
models. These are the cure hardening elastic shear layer
method and the Coulomb friction model. In the shear
layer method, the tool and the part remains intact until
the tool is removed.7–9,22,23 By adjusting the shear layer
properties such as elastic and shear modulus, the
amount of stress transferred between the tool and
part can be tailored and a range of tool–part interface
conditions can be simulated. According to a parametric
study23 using this shear layer model, the tool–part inter-
facial shear stress distribution is critical for accurate
modelling of distortions. Arafath et al.7,8 also used
the shear layer assumption in a closed-form solution
for process-induced stresses and deformations for flat
and curved geometries. In some studies,14,15,24,25 the
interfacial shear stress was assumed to obey the
Coulomb friction model,26 where the interfacial shear
stress is proportional to the contact pressure with the
friction coefficient as the constant of proportionality.
The proportionality is maintained until a critical
shear stress is reached, after which sliding with constant
shear stress is observed. The tool–part interaction was
modelled either as an interfacial sliding friction at the
interface,14,15,24,25 or it is assumed that the part stuck to
the tool surface without any relative motion.16
To present, most of the work has focused on two-
dimensional models. Three-dimensional process models
for composite materials are rather rare due to the com-
plexity of the problem. Observations of manufactured
composite parts show that the deformation of L- and
U-shaped parts is not constant along the length direc-
tion, meaning that a 2D section plain strain (or general-
ized plane strain) model does not represent the true
nature of the deformation. This study develops a 3D
three-step model to predict the shape distortions for L
and U-shaped parts with different stacking sequences
and thicknesses. A new method is introduced for the
calibration of the tool–part interaction properties used
in the Coulomb friction model. Finally, the effects of
the bagging condition on the thickness distribution and
the effect of stacking sequence under the bleeding con-
dition were examined.
Experimental procedures
Material and manufacturing
The material used was a unidirectional carbon-epoxy
prepreg material produced by Hexcel composites with
a designation of AS4/8552. The nominal thickness of
the single prepreg was specified as 0.184mm with a
nominal fibre volume fraction of 57.4%. The mould
was a U-shaped steel tool made of IMPAX P20 Hot
Work tool steel with a CTE of 12.6 mm/m-C. The
dimensions and shape of the mould are represented in
Figure 1. The L- and U-shaped parts were manufac-
tured in this U-shaped steel tool.
The manufacturing of the composite parts was done
by hand cutting and hand lay-up of prepregs. Two
types of vacuum bagging arrangements were used,
shown in Figure 2. For both arrangements, a Teflon-
coated glass fabric release film with a thickness of
0.08mm was applied over the entire surface of the
tool, allowing for easy removal of cured parts and
good slip of the prepreg on the tool. Then, each ply
was carefully laid-up on one side of the mould to
form an L-shaped stack or laid-up on both sides of
the mould to form a U-shaped stack.
. For the first vacuum bagging arrangement, one layer
of Teflon-coated glass fabric release film was placed
on the top of the prepreg stack. A breather was used
on the release film to provide a path for the flow of
any trapped air in the laminate during the cure cycle.
Then a vacuum bag and a sealant tape were applied
to seal the whole stack.
. For the second vacuum bagging arrangement, one
layer of peel ply was placed on the top of the prepreg
stack. A breather was used on the peel ply to absorb
any excess resin that bled from the laminate. Then a
vacuum bag and a sealant tape were applied to seal
the whole stack.
To remove any entrapped air and to minimize the
possible effect of corner bridging, a vacuum of approxi-
mately 0.9 bars was applied after laying up the sam-
ples. Finally, the parts were cured according to the
manufacturer’s recommended cure cycle (MRCC) for
AS4/8552. After processing, the mould was left to cool
down to ambient temperature before the composite
part was removed from the mould. The samples man-
ufactured are listed in Table 1.
Measurement of part geometry
The full field thickness profile and full field distortion
pattern were obtained using a 3D laser scanning
method. To obtain a full field thickness profile, the
Figure 1. Dimensions and shape of mould (dimensions are in
mm).
bag and tool side of the parts were scanned, with the
difference regarded as the thickness on the part. To
obtain a full field deformation pattern, only the tool-
sided surfaces of the specimens were scanned. The point
cloud obtained by scanning the surface of the part was
then virtually placed on the nominal tool surface using
three edge points, and the gap distances between the
tool and the part were obtained at discrete points
over the surface as shown in Figure 3(a). In order to
calculate spring-in values, gap distances were read on
both flanges at five equally spaced points along five
stations, as indicated in Figure 3(b). The spring-in
angle was measured by drawing secant lines on the
arms. Single point accuracy of 3D laser scanning is
0.025mm which corresponds to a precision of 0.014
in terms of spring-in for the geometry of the parts mea-
sured in this study.
Finite element analysis
A 3D three step model was developed to predict the
distortions due to processing using the basic process
Table 1. Samples manufactured.
Designation Geometry
Dimension (mm)
Bagging condition Stacking sequence Quantity
Radius Width
UD4-R15 L-shaped 15 150 Non-bleeding [0]4 3
UD4-R15 L-shaped 15 150 Bleeding [0]4 3
XP4-R15 L-shaped 15 150 Non-bleeding [0/90]s 3
XP4-R15 L-shaped 15 150 Bleeding [0/90]s 3
UD8-R15 L-shaped 15 150 Bleeding [0]8 1
XP8-R15 L-shaped 15 150 Bleeding [0/90]2s 1
UD12-R15 L-shaped 15 150 Bleeding [0]12 1
XP12-R15 L-shaped 15 150 Bleeding [0/90]3s 1
UD16-R15 L-shaped 15 150 Bleeding [0]16 1
XP16-R15 L-shaped 15 150 Bleeding [0/90]4s 1
UD4-R25 L-shaped 25 150 Non-bleeding [0]4 3
UD4-R25 L-shaped 25 150 Bleeding [0]4 3
XP4-R25 L-shaped 25 150 Non-bleeding [0/90]s 3
XP4-R25 L-shaped 25 150 Bleeding [0/90]s 3
UD8-R25 L-shaped 25 150 Bleeding [0]8 1
XP8-R25 L-shaped 25 150 Bleeding [0/90]2s 1
UD12-R25 L-shaped 25 150 Bleeding [0]12 1
XP12-R25 L-shaped 25 150 Bleeding [0/90]3s 1
UD16-R25 L-shaped 25 150 Bleeding [0]16 1
XP16-R25 L-shaped 25 150 Bleeding [0/90]4s 1
XP4-R15 L-shaped 15 150 Bleeding [90/0]s 1
Single ply L-shaped 15 150 Non-bleeding [0] 1
UD4-Long U-shaped 15–25 500 Bleeding [0]4 1
XP4-Long U-shaped 15–25 500 Bleeding [0/90]s 1
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Figure 2. Bagging arrangement: (a) non-bleeding condition and (b) bleeding condition.
model previously developed and implemented in
ABAQUS by Ersoy et al.13 and C¸ınar et al.14 In this
model, the mechanical properties were assumed to be
constant within each of the viscous, rubbery and glassy
material phases, and the mechanical properties of a
single lamina were assumed to be transversely isotropic.
Steps of analysis
The first step of the model (Step 1) includes viscous
properties of the composite. It is difficult to measure
the properties in this step, and there are no data in
the literature related to the viscous behaviour.
Following the previous parametric study of C¸ınar
et al.,14 the shear modulus in this step is assumed to
be reduced by a factor of 5. The material in this step is
assumed to be linear elastic. In Step 2, the rubbery
mechanical properties calculated previously by micro-
mechanics27 are used. Due to cross-linking reactions,
contraction occurs through the thickness direction in
the rubbery step. To obtain the experimentally mea-
sured 0.48% transverse cure shrinkage in this step,28
an equivalent negative CTE is used as given in
Table 2. In Step 3 of the model, the properties of the
material are switched to the glassy properties. In a pre-
vious study,14 it has been shown that the effect of ther-
mal contraction on spring-in does not change
significantly by corner thickening, as shown by the
approximately constant values for the different thick-
ness cases with different degrees of corner thickening.
Hence, the effect of corner thickening has not been
included in this study, and nominal values of CTE are
used. In Step 1 and Step 2, an autoclave pressure of
0.7MPa is applied to the surfaces on the bag side of the
part. In Step 3, the applied pressure is removed, the
part is allowed to separate from the tool, and deform-
ations develop. In all the three steps, a uniform
temperature is assigned to the parts because the tem-
perature range measured across the thickness and in the
plane of the part at eight stations is within a 3C band,
even for the thickest (16 plies) laminates. The change of
material properties from one step to the next is imple-
mented in the analysis by means of ABAQUS User
Material subroutine (UMAT), which updates the elas-
tic properties at the beginning of each step, and the
stresses locked-in at each step are added up to find
the final stress state after removal from the mould.
Interactions between the tool and the part were mod-
elled using a Coulomb friction model. The maximum
sliding shear stress max and the friction coefficient m
were assumed to be the same for the two in-plane dir-
ections and found by calibrating the model. The tool–
part interaction was explained in detail in a previous
2D three-step study.14
Figure 3. (a) Full field deformation pattern (the scale is in mm). (b) Schematic representation.
Table 2. Material properties used in the model.13,14
Viscousb Rubbery Glassy
Property Unit (20!165 C) (165!180 C) (180!20 C)
E11 MPa 132,200 132,200 135,000
E22¼ E33 MPa 165 165 9500
G12¼G13 MPa 44.3/5 44.3 4900
G23 MPa 41.6/5 41.6 4900
v12¼ v13 – 0a 0.346 0.3
v23 – 0
a 0.982 0.45
11 me/C 0
a 0a 0a
22¼33 me/C 32.6 320 32.6
"cure11 % 0
a 0a 0a
"cure22 ¼ "cure33 % 0a 0.48 0a
aAssumed to be zero.
bValues were assumed.
Meshing and boundary conditions for L- and
U-section parts
L-section parts were modelled with one-quarter of the
full part and U-section parts were modelled with half of
the full part by using mirror symmetry boundary con-
ditions. The symmetry planes are shown in Figure 4.
Because of the unequal radii on the two corner sections,
there is only one symmetry plane for U-section parts.
The sliding boundary conditions on the back side of
the tool enable the tool to expand or contract along the
in-plane directions (Y and Z) in the flat section, and
along the tangential (T) and axial (Z) directions in the
curved region, but prevent free body motion of the tool
for L-section parts. For U-section parts another sliding
boundary condition was assigned to allow the bottom
of the tool to expand or contract freely along the in-
plane directions (X and Z). The tool–part interaction is
sliding with constant shear stress as explained in previ-
ous sub-section and was assumed to be the same for the
two in-plane directions. The autoclave pressure
was applied as a surface pressure on the laminate.
The boundary conditions can be seen for both L- and
U-sections in Figure 5.
Each ply was represented by one element through
the thickness. A 4-ply laminate is shown in Figure 6.
8-Node Linear Brick Elements (C3D8) and 20-Node
Reduced Quadratic Brick Elements (C3D20R) were
used.
A convergence study was performed to find an
appropriate mesh size. The central processing unit
(CPU) times and deformation at the tip of mid-section
of the laminate were compared when using C3D8 and
C3D20R elements for a UD4-R25 sample (unidirec-
tional 4-ply thick L-section with 25mm corner radius)
by changing the element size.
Results and discussions
In this study, composite parts of various shapes were
produced and FE models were developed in order to
predict process-induced deformations. The predictions
and measurements were then compared to assess the
validity of the assumptions behind the model. In this
context, various experiments were carried out to deter-
mine how the amount of deformation was affected by
factors such as the manufacturing method, thickness of
the laminate, and stacking sequence of the laminate.
The specimen designation is as follows: UD16-R15 is
a 16-ply unidirectional laminate produced at a 15-mm
radius, and XP16-R15 is a 16-ply cross-ply laminate
produced at a 15-mm radius.
Corner thickening
The full field thickness profiles of thicker parts manu-
factured under a resin bleeding condition were
obtained. The corner thickening can be seen easily
from the scanned 16-ply thick parts in Figures 7
and 8. The missing part in the corner of Figure 8 is
due to a cut-out for microscopic examination. The
resin at regions close to the corner has percolated into
the corner, resulting in an increase in thickness of the
corners above the nominal value. This phenomenon has
also been observed by Hubert and Poursartip.29 It can
pressure 
Back side of 
 the tool 
tool  
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autoclave 
pressure 
autoclave 
displacement boundary 
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Figure 5. Loading and boundary conditions for L and U-section
parts.
symmetry planes 
Figure 4. 3D modelling of L- and U-shaped parts.
be seen that resin bleeding is not constant along the
length direction. Length direction is given in Figure 1.
There was more resin bleeding at the edge of the corner,
which may affect the final distortion of the part.
There is a friction between fibre layers even in the
viscous state of the resin. This friction causes the fibre
at the top layers not take the shape of corner, and this
phenomenon is called fibre bridging. The autoclave
pressure is ineffective at the corner of the part due to
fibre bridging, which causes a low pressure region at the
corner which is then percolated by resin so that the
thickness of the part at the corner increases and a
resin rich layer is formed at the surface. Fibre bridging
is responsible for the non-uniform fibre volume fraction
along the corner through the thickness. This effect is
more pronounced in tighter radius parts.
The corner thickening from the thickness measure-
ment at the mid-section of the laminates is represented
in Figure 9. This figure shows the thickness at the mid-
section normalized by the nominal thickness along the
part; 15mm radius parts have greater corner thickening
as compared to 25mm radius parts.14
Figure 6. Finite element mesh for the tool and a 4-ply laminate.
Figure 7. Thickness variation for UD16-R15 and XP16-R15 laminates. The scale is in mm.
Bagging condition
In some applications, resin bleeding may be preferred
to increase the fibre volume fraction. However, resin
bleeding is also known to be a cause of shape distor-
tion. In order to examine how resin bleeding affects the
deformation, 4-ply L-shaped composite laminates were
manufactured under bleeding and non-bleeding condi-
tions. For the parts manufactured under bleeding con-
dition, the prepreg stack was covered with a peel ply
and a breather fabric before applying the vacuum bag.
For the parts manufactured under non-bleeding condi-
tion, Teflon-coated glass fabric release film with a
thickness of 0.08mm was applied over the entire
surface of the prepreg stack. Three unidirectional and
cross-ply samples were manufactured on both sides of
the mould under bleeding and non-bleeding condition.
The details of samples manufactured are given in
Table 1. Only the spring-in results of three samples
(S1-S3) manufactured at R15 side of the mould is rep-
resented, which are similar to the spring-in results of
samples manufactured at R25 side of the mould. After
obtaining spring-in values, the comparison between
these two conditions for UD4-R15 and XP4-R15
parts is made in Figures 10 and 11. Higher spring-in
values were observed in the bleeding condition as com-
pared to the non-bleeding condition, resembling the
results of Darrow and Smith.30 The higher spring-in
Figure 9. Thickness measurement at the mid-section of four laminates.
Figure 8. Thickness variation for UD16-R25 and XP16-R25 laminates. The scale is in mm.
came from the fibre volume fraction gradient through
the thickness direction at the curved side. There was a
resin rich ply at the mould surface, and a fibre rich ply
at the bag surface. This contribution was only signifi-
cant for thin parts where the affected region was a sig-
nificant portion of the thickness of the laminate. Figure
11 also reveal that spring-in values deviated through the
length direction in the cross-ply laminates under bleed-
ing condition. The reason for this deviation was that
the tool–part interaction along the length direction
resulted in warpage of the XP parts, which in turn
changed the spring-in values. Another possible explan-
ation is the side bleeding in the length direction in the
90 layers aligned with this direction. These mechan-
isms were more pronounced in the parts manufactured
under bleeding condition.
The thickness profiles measured by full field meas-
urement method are shown in Figures 12 and 13. The
thickness was less in the arm close to the vacuum port
in the bleeding condition. There was internal percola-
tion to the corner in the non-bleeding condition, which
reduced tension on the fibres close to the bag-side sur-
face in the corner region. Through-thickness bleeding
increased compaction in the corner region, and
increased fibre tension on the fibres close to the bag-
side surface in the corner region.
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Figure 11. Measured deformation patterns in the XP4-R15 [0/90]s laminate along the length direction.
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Figure 10. Measured deformation patterns in the UD4-R15 laminate along the length direction.
Effect of stacking sequence on the warpage
The effect of stacking sequence on the distortion can be
seen in L-shaped laminates by examining the warpage
of the arms along different sections, e.g., along Section
1 and Section 2 as represented in Figure 14. The stack-
ing sequence configuration is also shown in the same
figure. In order to find warpage, gap distances were
Figure 13. Thickness variation for XP4-R25 [0/90]s laminate. The scale is in mm.
Figure 12. Thickness variation for UD4-R25 laminate. The scale is in mm.
read at five equally spaced points along Section 1 and
Section 2.
The following data were taken from the laminates
that were manufactured under bleeding condition
where the warpage values were higher. A comparison
of warpage values between Section 1 and Section 2
shows that the warpage values along Section 2 are
higher than Section 1 for [0]4 samples, as shown in
Figure 15. The bending stiffness in Section 1 (the
fibre-dominated section) was higher than Section 2.
The same comparison was made for cross-ply parts of
different stacking sequences. For the cross-ply laminates
with the [0/90]s stacking sequence, Section 2 had more
warpage than Section 1. By contrast, it was observed
that Section 1 gives more warpage for the [90/0]s stack-
ing sequence. This is indicated in Figures 16 and 17.
The effect of stacking sequence on angular distortion
such as spring-in was also measured for different cross-
ply parts. The part with the [90/0]s stacking sequence
spring-out and gave negative spring-in values. The dis-
placement of the part with respect to the tool can be
seen in Figure 18 for the [0/90]s laminate and in Figure
19 for the [90/0]s laminate, where negative displacement
values represent spring-in.
Comparison of predicted and measured 3D distor-
tion patterns
A three-step 3D FE model that included anisotropy in
the thermal expansion coefficient, cure shrinkage, con-
solidation, and tool–part interaction was developed to
predict the process-induced stresses and deformations.
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Figure 14. Warpage values are measured in Section 1 and Section 2.
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Figure 15. Warpage values measured along Section 1 and
Section 2 for UD-R15 [0]4 laminate.
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Figure 16. Warpage values measured along Section 1 and
Section 2 for XP-R15 [0/90]s laminate.
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Figure 17. Warpage values measured along Section 1 and
Section 2 for XP-R15 [90/0]s laminate.
This three-step FE model was implemented to predict
the shape distortion of both L- and U-shaped parts.
Since the effect of the viscous shear modulus on the
deformation had already been examined in the 2D
FEA,14 the shear modulus in the viscous state was
reduced in the current 3D FEA. Specifically, the viscous
shear modulus was assumed to be one-fifth of the rub-
bery shear modulus. In the following subsections, the
distortion predictions obtained by the 3D FE method
(FEM) are compared to experimental measurements
for unidirectional and cross-ply parts of various thick-
nesses and geometries.
Calibration of tool–part interaction parameters. As opposed
to thicker parts, single ply parts give spring-out values
due to the tool–part interaction effect. As the thickness
of the laminate decreases, the effect of tool–part inter-
action on distortion increases. By using this fact, a
single ply part can be manufactured and compared
with the FEM results to calibrate the Coulomb friction
model parameters related to tool–part interaction, such
as  and max. Full field deformation patterns for the
manufactured and predicted single ply part are shown
in Figure 20. The measured tip deflection values
through the length direction were well matched by the
predicted ones. The calibrated properties  and max
were found to be 0.3 and 0.1MPa in viscous state
and 0.3 and 0.2MPa in the rubbery state, respectively.
The tool–part interaction was examined in detail by
Garstka24 by means of an instrumented ply technique
for the same material, and in the separate parametric
study of C¸ınar et al.14 It was found that when the resin
is in the viscous state, the tool–part interaction is due to
fibre friction, and a sliding friction with a constant
shear stress of 0.1MPa prevails. However, when the
Figure 19. Spring-out values for XP-R15 [90/0]s laminate. Scale
is in mm.
Figure 18. Spring-in values for XP-R15 [0/90]s laminate. Scale
is in mm.
Figure 20. Predicted and measured spring-in values for the single ply part. The scale is in mm.
resin gels, the interaction changes to a stick-slip type,
resulting in a stable sliding state with a constant shear
stress of 0.2MPa at the interface. The calibrated values
were consistent with the findings of previous stu-
dies.14,24 These calibrated values were then used in the
model.
Figure 21. Measured and predicted deformation patterns for [0]4 and [0/90]s L-section parts with R15 mm corner radius.
FEM: finite element method. The scale is in mm.
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Figure 22. Spring-in predictions for UD-R15 parts.
FEM: finite element method.
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Figure 23. Spring-in predictions for XP-R15 parts.
FEM: finite element method.
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Comparison of predicted and measured 3D distortion patterns
for L-section parts. In Figure 21, the full field deform-
ation patterns for the UD4-R15 and XP4-R15 parts
are represented. The spring-in values are plotted
against the number of plies in Figures 22 to 25. The
continuous and dashed lines in the figures represent the
spring-in values obtained from FEA, and the markers
represent the measured spring-in data on five equally
spaced sections. The black markers indicate the mid-
section spring-in value, and the green ones indicate
the edge spring-in values. The 4-ply thick parts repre-
sented in Figures 22 to 25 were manufactured under
non-bleeding condition, and the other parts with 8,
12, 16 plies were manufactured under bleeding
condition.
The shear modulus reduction in the viscous state
decreased the spring-in values, and hence the predic-
tions captured the measured spring-in values quite
well. The 3D FEM also captured the deformation
along the third direction, which the 2D model is incap-
able of predicting. Finally, it can be concluded that the
spring-in goes to asymptotic values as the thickness of
the laminate increases, as seen in Figures 22 to 25.
Comparison of predicted and measured 3D distortion patterns
for U-section parts. U-shaped UD and XP parts were
modelled. The length of the parts was 500mm. These
long U-section parts were manufactured under a non-
bleeding condition. For the UD sample, the predictions
are quite well when compared to the spring-in values
and deformations along the third direction. The full
field deformation patterns for the UD4 [0]4 sample, as
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Figure 24. Spring-in predictions for UD-R25 parts.
FEM: finite element method.
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Figure 25. Spring-in predictions for XP-R25 parts.
FEM: finite element method.
Figure 26. Measured and predicted full field deformation patterns for long U-shaped [0]4 parts. The scale is in mm.
Figure 28. Measured and predicted full field deformation patterns for long U-shaped [0/90]s part. The scale is in mm.
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Figure 27. Spring-in predictions for long U-shaped UD4 parts.
FEM: finite element method.
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Figure 29. Spring-in predictions for long U shaped XP4 [0/90]s part.
FEM: finite element method.
obtained from FEM as well as measured by laser scan-
ner, are given in Figure 26. The spring-in values and the
deformation along the third direction can be seen in
Figure 27.
The full field deformation patterns for the XP4 [0/
90]s sample, as obtained from FEM as well as measured
by laser scanner, are given in Figure 28. The spring-in
values and the deformations along the third direction
can be seen in Figure 29. For the XP sample, the spring-
in predictions are quite well at the mid-section of the
part. The spring-in was higher at the edges of the part
as compared to the mid-section of the part.
Conclusion
Observations of manufactured composite parts show
that the deformation of L- and U-shaped parts is not
constant along the length direction, meaning that a 2D
section with a plain strain (or generalized plane strain)
model does not represent the true nature of the part. A
three-step 3D model was developed to predict the shape
distortions for L- and U-section parts with different
stacking sequences and thicknesses. The model cap-
tured the full field deformation pattern satisfactorily.
The model performs the best for the thick parts. Thin
parts are more prone to effects of prepreg variability,
fibre misalignment, and tool–part interaction, so the
actual measurements reflect much variability for the
thin parts. Variability is an inevitable phenomenon
during manufacturing of composite laminates due to
hand cutting and hand lay-up process, as well as the
intrinsic variability even in the same batch of prepreg
material, so the number of samples may be increased
for variability analysis, which is beyond the scope of
this work. A new method was introduced for the cali-
bration of tool–part interaction properties m and max
used in the Coulomb friction model. Also, the effect of
the bagging condition on the thickness distribution,
and the effect of stacking sequence under bleeding con-
dition were examined. Spring-in values were found to
be higher in the parts that were manufactured under
bleeding condition.
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